Abstract: Soybean hulls residue (SHR) is a kind of typical biocompatible and edible natural polymer with containing cellulose, glycoprotein and lignin. In this paper, SHR is extracted by simple method and characterized by FTIR, XRD, SEM, elemental and XPS analysis. Then, this natural polymer adsorbent is applied to remove Pb(II), and main factors on Pb(II) removal by SHR are investigated in details, such as initial concentration of lead, pH value, SHR dosage, oscillating time and temperature. It shows that the removal rate of Pb(II) quickly increases more than 90 % within the first 5 min, and the removal rate get to 99 % within 20 min. The isotherm, kinetic models and thermodynamic parameters are applied to test the experimental data, respectively. It indicates that Pb(II) adsorption on SHR is an endothermic and spontaneous process. The adsorption mechanism has also been investigated. In summary, SHR exhibits excellent adsorption ability for removing Pb(II), which could be used as a fast edible antidote in emergency, especially in cases of mass poisoning by lead.
Introduction
The contamination of wastewater by toxic metal ions is a worldwide environmental problem. Heavy metal ions are of great concern, such as Pb, Zn, Cu, Cd and Ni. They are toxic, carcinogenic, nonbiodegradable and tending to accumulate in the organisms, thereby eventually entering the food chains. They could also cause to acute poisoning on human body and serious death [1] . Lead is among the most toxic heavy metal ions and can enter into the human body through the uptake of food (65 %), water (20 %) and air (15 %) [2, 3] . It can damage nervous connections especially in young children, and cause blood and brain disorders [4, 5] . Traditional methods for removing heavy metal ions from aqueous solution include ion-exchange, adsorption, solvent extraction, chemical precipitation, oxidation-reduction, electrochemical treatment, reverse osmosis, evaporative recovery, filtration and membrane technologies [6, 7] . Among these methods, adsorption is a simple and low-cost method for heavy metal elimination due to its high efficiency and ease of handling [8, 9] .
As we know, the modification of natural polymer could extend its application [10, 11] . The discard biopolymer could be reused [12, 13] . Materials from agricultural wastes had also be utilized as low-cost adsorbents [14] [15] [16] , such as wheat straw, rice straw, bagasse, waste tea leaves, spent grain, walnut shells [17] [18] [19] . However, most of adsorbents are poor biocompatibility or toxic to body.
As major by-product of soybean processing industries, soybean hulls residue (SHR) adsorbent is a kind of typical discarded and biocompatible natural polymer. Recent years in China, more than 80 000 tons wastes of SHR, which accounting for a substantial fraction (8-10 %) of the total mass of soybean, are produced annually. Despite the large amount generated, SHR has received little attention as a low-cost raw material due to their lower nutrient value. Its use is still limited to animal feeding [20, 21] . In this paper, the SHR was extracted and applied to remove lead ions quickly. The batch adsorption parameters such as initial concentration of lead, pH, adsorbent dosage, contact time and temperature were investigated. Kinetic, isotherm and thermodynamic parameters were analysis to evaluate the possible adsorption mechanism.
Materials and methods

Materials and reagents
The insoluble fresh soybean hulls residue was obtained from mess hall, food processing factory and small factories of food processing industry, where soya-bean milk, bean curd and soymilk were produced. EtOH, NaHCO 3 , NaOH, lead nitrate [Pb(NO 3 ) 2 ] and HNO 3 were all analytical reagent grade and were used without further purification.
Preparation of SHR adsorbent
The soybean hulls residue (SHR) adsorbent was extracted from preparation of soybean milk and washed by water until the filter liquor was clarified. Being soaked in 75 % of EtOH and the solution of NaHCO 3 for 3 h in sequence, the SHR adsorbent was filtered and washed by EtOH and distilled water, respectively. Then, SHR was dried at 65 °C and sieved to retain the 100 mesh fraction. The required SHR was obtained and stored in a desiccator for use.
Characterization of SHR
FTIR spectra of the adsorbents were recorded between 4000 and 400 cm -1 through the KBr method with a FTS3000 spectrophotometer. X-ray photoelectron spectrometer (XPS) of the samples was obtained by the PHI-5702 multipurpose electron spectrometer. Elements of samples were analyzed using an element analyzer (flash 2000 series, Italy). Using an X-ray diffractometer (D/max-2400, Rigaku Corporation, Japan), we got X-ray diffraction (XRD) analysis of the adsorbents. A morphology analysis of certain features was visualized by using a SEM microscope (JSM-6701F, Japan Electron Optics Laboratory Corporation, Japan).
Batch adsorption experiments
Batch adsorption experiments were carried out to determine the optimum pH value for Pb(II) adsorption and the best adsorbent dosage. Tests were performed by shaking a certain amount of adsorbent with 50 mL of Pb(II) aqueous solution of the desired concentration in several 250 mL stoppered conical flasks. The test was carried out at various pH value (2.0-9.0) and at room temperature (25 °C) for 60 min in a temperature controlled water bath shaker. The residual concentration of Pb(II) was measured by visible spectrophotography with adopting the xylenol orange as colored indicator. The removal efficiency and adsorption capacity were computed as eq. (1, 2):
Where C 0 and C e are the initial and equilibrium concentration of metal ions (mg/L) in the solution. V is the volume of metal ions solution (L) and m is the weight of the adsorbent (g).
Results and discussion
Soybean hulls residue is major by-product of soybean processing industries. In small local factories, most of soybean hulls residue was discarded after producing soya-bean milk. However, as a kind of edible residue, SHR is a typical biocompatible natural polymer. In fact, the crude fiber in SHR could promote bowel movements. That means SHR could be used as an edible antidote with low-cost raw material.
Here, SHR was extracted from soybean hulls residue by simple method. This kind of edible natural polymer adsorbent was applied to remove lead ions. The adsorption parameters such as initial concentration of lead, pH value, adsorbent dosage, contact time and temperature were investigated. Along with analyzing adsorption kinetic, isotherm and thermodynamic parameters and structural characterization, the possible adsorption mechanism was suggested.
Adsorption properties of SHR
Lead is one of the most toxic heavy metal which accumulates in the body and causes long-term damage to the nervous connections and hematopoietic systems, blood and brain disorders. They could also cause to acute poisoning on human body. Therefore, searching for an edible antidote in emergency is a necessary problem for human being. Here, SHR was applied to remove lead ions.
The relationship between lead ions removal rate and contact time indicated that the removal rate of Pb(II) quickly increased more than 90 % within the first 5 min, and the removal rate reached to 99 % within 20 min. That mean SHR, a typical biocompatible natural polymer, could be used as a fast edible antidote in emergency, especially in cases of mass poisoning by lead. The contact time was fixed at 30 min in the further experiments to ensure that the adsorption reaction can achieve complete equilibrium.
Effect of initial Pb(II) concentration
The relationship between Pb(II) removal rate and its initial concentrations was investigated. It showed that the removal rate was all over 90 % if initial concentration of Pb(II) increased from 50 to 1000 mg/L, while the adsorption capacity increased from 8.3 mg/g to 150.3 mg/g. The removal rate reached the maximum when initial Pb(II) concentrations was 200 mg/L. It means SHR exhibits excellent adsorption ability for Pb(II).
Effect of adsorbent dosage
Adsorbent dosage is an important parameter because it determines the capacity. The relationship between lead removal rate and the adsorbent dosage was measured. It showed that the removal rate of Pb(II) varied with increasing dosage of the SHR from 0.01 to 0.5 g, and reached the maximum at the adsorbent dosages of 0.3 g. So the optimum adsorbent dosage was 0.3 g. With increasing adsorbent dosage, more surface area is available for adsorption due to increase in active sites on the adsorbent and thus making easier penetration of metal ions to the sorption sites [22] .
Effect of pH value
The effect of pH value on the adsorption of Pb(II) by SHR is investigated at pH value in the range of 2.0-9.0. It showed that Pb(II) removal rate increased with increasing pH value, reaching a plateau value at the pH value of 4.0-6.0. On higher pH values (pH > 6.0), a sharply decrease of adsorption for Pb(II) ions was observed. It can be explained by the competition for the active sites in the system between H + and Pb(II) at low pH values, resulting in the suppression of Pb(II) adsorption on SHR surface. This result clearly indicates that surface complexation has an important contribution to adsorption. However, with continuously increasing pH value, the adsorption efficiency might decrease due to forming Pb(OH) 2 and the adsorbent was deteriorated with the accumulation of metal ions, which was weakly adsorbed compared with SHR adsorption of Pb(II) [23] . Therefore, the optimum pH value was selected to 5.0 for further studies.
Effect of temperature
The relationship between lead ions removal rate and temperature was also investigated. It showed that the temperature has a correspondingly small effect on the adsorption of Pb(II) onto the SHR. The removal rate of Pb(II) was over 96 % when the temperature increased from 15 to 40 °C. It indicates that the adsorbent have a large range of temperature endurance.
Adsorption isotherm and kinetics Adsorption isotherm
Langmuir and Freundlich isotherm models were applied to establish the relationship between the amount of Pb(II) adsorbed onto adsorbent and its equilibrium concentration in aqueous solution. Langmuir adsorption isotherm [24] is applied to equilibrium adsorption assuming monolayer adsorption onto a surface of the adsorbent, and adsorption occurs at finite number of identical sites within the adsorbent. The Langmuir isotherm is described as eq 3:
Where C e is equilibrium concentration of the metal (mg/L), q e is the amount adsorbed by per unit of the adsorbent at equilibrium (mg/g). q max and K L are the Langmuir constants related to the adsorption capacity and energy of adsorption or binding constant, respectively. The Freundlich model [25] stipulates that the ratio of solute adsorbed to the solute concentration is a function of the solution. The empirical model was shown to be consistent with exponential distribution of active centres, characteristic of heterogeneous surfaces (eq. 4).
Where K F and n are Freundlich constants, which represent adsorption capacity and adsorption intensity, respectively. The parameters of Langmuir and Freundlich for the adsorption of Pb(II) by the SHR are indicate that based on the coefficient (R 2 ) obtained, which is 0.999 1, 0.924 5 for Langmuir and Freundlich, respectively. It can be concluded that the Langmuir isotherm is more suitable to describe the adsorption processes of Pb(II) onto SHR than the Freundlich isotherm. 
Adsorption kinetics
Adsorption kinetics was used in order to explain the adsorption mechanism and adsorption characteristics. Pseudo-first-order model is rendered the rate of occupation of the adsorption sites to be proportional to the number of unoccupied sites; pseudo-second-order kinetic model is assumed the chemical reaction mechanisms, and that the adsorption rate is controlled by chemical adsorption through sharing or exchange of electrons between the adsorbate and adsorbent. Here, the pseudo-first-order and pseudo-second-order kinetic models have been employed to fit the experimental data. The pseudo-first-order model can be explained as follows:
The pseudo-second-order kinetic model can be expressed as follows:
Where q e and q t (mg/g) are the amount of Pb(II) adsorbed per unit mass of adsorbent at the equilibrium adsorption and at time period t (min), and k 1 (min
), k 2 (g/mg‧min) are the first-order kinetic and pseudosecond-order rate constant. The parameters of two kinetic models are given in Table 1 . The pseudo-secondorder could well-fit the test data as all correlation coefficients are found to be 1.000 0. Moreover, the values of q e calculated from pseudo-second order kinetics are in agreement with the experimental values of q e(exp). It indicates that the pseudo-second-order model is appropriate for the adsorption phenomena.
Thermodynamic studies
Thermodynamic parameters [26] of the adsorption are calculated by the equation. The thermodynamic equilibrium constant (K 0 ) was determined by eq. (8) at different temperatures. The values of enthalpy (ΔH 0 ) and entropy (ΔS 0 ) of Pb(II) adsorption are obtained from the slope and intercept of ln K 0 vs. 1/T plots by using eq. (7), which are calculated by a curve-fitting program. The Gibbs free energy ( ΔG 0 ) of specific adsorption is calculated from the well-known eq. (9):
Where ΔH 0 , ΔS 0 and T are the enthalpy, entropy and temperature in Kelvin, respectively, R is the gas constant. The results of experiments are summarized in Table 2 . ΔG 0 values are negative at all temperatures. Negative values of ΔG 0 show the spontaneity of the adsorption processes and higher negative value reflects a more energetically favorable adsorption. And the positive value of the ΔH 0 shows that the adsorption is endothermic. It indicates that the adsorption of Pb(II) on SHR is an endothermic and spontaneous process.
Structural characterization and adsorption mechanism
In order to analyze composition and structure of SHR, and confirm adsorption mechanism of lead ions onto SHR, FT-IR spectra, XPS, elemental analysis, XRD and SEM images of SHR before and after adsorption of Pb(II) were measured.
FT-IR analysis
The surface functional groups of SHR were characterized by FT-IR. Figure 1 shows the FT-IR spectra of SHR before and after adsorption of Pb(II). The broad absorption peak around 3422 cm 
XPS analysis and elemental analysis
In order to analyze structure of SHR and further understand the processes of Pb(II) adsorption, the X-ray photoelectron spectrometer (XPS) was employed to analyze SHR and SHR-Pb, and results are showed in (Fig. 2a1 ) comprise three peaks with differentiated binding energy values (284.7 eV, 286.5 eV and 288.3 eV) via deconvolution, which be assigned to the carbon atoms in the forms of C-C, C-O (alcoholic, phenolic hydroxyl) and C = O (carbonyl groups), respectively. The weak N1s peak in SHR and SHR-Pb shows a few of protein exists in SHR. The O1s spectra of SHR (Fig. 2a2) show two components at 531.9 and 533.6 eV for the C = O (oxygen atoms in carboxyl groups) and C-O (carbonyl oxygen atoms and/or alcohol hydroxyl) bonds, respectively [27] .
The result of elemental analysis of SHR is as following: C: 50. a small amount of protein.
Most of protein was removed as SHR was washed by water for many times during processing and being extracted. Therefore, we consider that the protein is in the form of glycoprotein in SHR.
After adsorption of lead, SHR-Pb was also measured by XPS and elemental analysis. The appearance of Pb 4f spectrum confirmed the fixation of Pb onto the SHR [28] . Comparing Fig. 2b1 with 2a1 , it is found that C1s curves of SHR and SHR-Pb are same as the C skeleton of SHR does not bind with Pb during adsorption. In O1s curves of SHR-Pb, the peaks at 531.9 and 533.6 eV were similar to SHR. The peak at 529.8 eV (Fig. 2b2) could be assigned to the oxygen atom with being associated lead (O-Pb). It indicates that lead ions are bound to oxygen atom of SHR during adsorption. Pb content in SHR-Pb is about 34.6 %, which mean SHR has a strong absorbability of Pb ions.
XRD analysis
X-ray diffraction (XRD) patterns of SHR before and after adsorption of Pb(II) are showed in Fig. 3 . They have 2θ diffraction peaks at 22 o with being assigned to the crystalline domain of SHR. But a decrease in the intensity of the peak for after adsorption of Pb(II) is an indication of crystallinity degree decreasing. It is also suggested that the crystalline structure has been destroyed and the crystallinity has been reduced due to the lead ions binding with oxygen of SHR. However, it is obvious that no new phase formation occurs after adsorption lead ions, and the basic structure of SHR does not change.
SEM images
The surface characteristics of SHR before and after adsorption Pb(II) were measured by SEM microscope (Fig. 4) . It is obvious that the surface morphology of SHR is irregular and rougher. The unit particles can be observed clearly, which SHR particles are loose with large surface area. Based on this morphology, it can be concluded that SHR presents an adequate morphological profile to retain metal and can facilitate the adsorption of metals in different parts of this material. After adsorption Pb(II), the sample surface becomes coarser than that of original SHR.
Adsorption mechanism
Based on above characterization, such as XPS, element analysis, XRD, FT-IR spectra and SEM images, we have got more information about composition and structure of SHR adsorbent. It shows C/O rate was 1.86 /1, which between 2 /1 of lignin and 1 /1 of cellulose. That mean SHR is mainly comprised of lignin and cellulose while containing a small amount of glycoprotein. The composition and structure of SHR, and adsorption mechanism are suggested in Scheme 1. In SHR, the main chains contain benzene ring, annular glucose and amino acid chain, which are proved by FT-IR spectra. The main active groups for adsorption of lead are carbonyl groups (-COO -) and hydroxyl (-OH), which are demonstrated by XPS. The sufficient caves among this natural polymer chains are beneficial to adsorption large amounts of lead ions. In other words, the chelation could be easily formed between oxygen and lead ions, which is consistent with the XPS analysis. Based on above structure analysis of SHR and measurement of its properties, it is concluded that SHR is a kind of typical biocompatible polymer absorbents. SHR is also a typical edible natural polymer antidote in emergency, especially in cases of mass poisoning by lead.
Conclusion
A kind of edible natural polymer adsorbents SHR containing cellulose and lignin is extracted from soybean hulls residue by simple method and applied to remove lead ions. SHR exhibits excellent adsorption ability for Pb(II), and the removal rate gets to 99 % under appropriate conditions. The equilibrium data are well fitted with Langmuir isotherm models. It is also found that the adsorption is well fitted with the pseudo-sec- ond-order kinetic model, in accordance with the chemical absorption principle. The thermodynamic result indicates that the adsorption of Pb(II) on SHR is an endothermic and spontaneous process. The composition and structure of SHR, and adsorption mechanism are also investigated by FT-IR spectra, XRD, SEM, elemental and XPS analysis, which concludes that lead ions are complexed or chelated with oxygen in SHR. In summary, SHR is a kind of typical edible natural polymer antidote in emergency, especially in cases of mass poisoning by lead.
